For in vitro tissue engineering of skeletal muscle, alignment and fusion of the cultured skeletal muscle cells are required. Although the successful alignment of skeletal muscle cells cultured in collagen gel has been reported using a mechanical force, other means of aligning cultured skeletal muscle cells have not been described. However, skeletal muscle cells cultured in a two-dimensional dish have been reported to align in a uniform direction when electrically stimulated. The purpose of this study is to determine if skeletal muscle cells cultured three-dimensionally in collagen gels can be aligned by an electrical load. By adding direct current to cells of the C2C12 skeletal muscle cell line cultured in collagen gel, it was possible to align C2C12 cells in a similar direction. However, the ratio of alignment was better when mechanical force was used as the means of alignment. Thus for tissue engineering of skeletal muscle cells, electrical stimulation may be useful as a supplementary method.
Introduction
In order to construct functional skeletal muscle in vitro for use in tissue engineering, it is important to align skeletal muscle cells in a uniform direction. In a three-dimensional (3D) collagen gel culture without any applied stress, skeletal muscle cells do not orient uniformly. Although some research groups have shown the alignment of skeletal muscle cells in collagen gel using mechanical force [1, 2] , other means of aligning skeletal muscle cells in 3D culture have not been reported.
In monolayer culture, the application of a direct current (DC) electrical field to muscle cells causes myoblast axes to orient perpendicular to the electrical current [3] [4] [5] [6] [7] [8] . However, it has not been determined if skeletal muscle cells will align in a 3D collagen gel culture using a similar electrical load. Thus we cultured skeletal muscle cells three-dimensionally under either a mechanical load or an electrical load and compared the rate of alignment.
Materials and Methods

Skeletal Muscle Cells.
Mature murine myogenic cell line C2C12 cells were purchased from Riken Cell Bank (Tsukuba, Japan). The culture medium was Dulbecco's modified essential medium (DMEM, Sigma, St. Louis) containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S).
Mechanical and Electrical Load.
We made ring-shaped collagen gels containing C2C12 cells. Cells were suspended in 0.25% Trypsin/EDTA, centrifuged, and embedded in type I collagen gel solution (Cell-Matrix 3D cell culture kit, Nitta Gelatin Inc., Japan) at 3 × 10 5 cells/mL. The collagen gels were incubated at 37 ∘ C, 5% CO 2 for 30 min until gel became solid. The collagen gel rings were made following Okano et al. [9] and were stretched every minute for 24 hours by a hook connected to a motor ( Figure 1 ). Cells in the collagen gels were cultured in DMEM with 10% FBS and 1% P/S. The equipment used to apply the electrical load is shown in Figure 2 . The electrical circuit consisted of a pair of electrode baths containing DMEM with 10% FBS and 1% P/S, a pair of agar bridges (8 cm long) made of phosphate buffered saline (PBS) gelled using 2% agar, and a pair of electrode baths containing PBS. Electrical current was supplied by a 9 V dry battery. The voltage loaded between both sides of the collagen gels implanted with skeletal muscle cells was measured using an electrometer and was adjusted to 10 V/cm. The strength of the voltage loaded was the same as that used in two-dimensional cultures [10] . As for control, C2C12 cells in collagen gel were cultured without mechanical and electrical load.
After applying the mechanical or electrical load for 24 hours at 37 ∘ C and 5% CO 2 , gels were collected and each gel containing C2C12 cells was bisected. Half of each gel was fixed with 4% paraformaldehyde and then observed under a phase-contrast microscope. Gels were then air-dried on a cover slip and stained with Giemsa solution and used for scoring cell alignment. The remainder of the gels was used for analyzing the expression of proteins important for muscle differentiation. The rate of C2C12 myoblast cell alignment. When an electrical load was applied under the present conditions, cells tended to align perpendicular to the electrical field. The rate was 58 ± 14% (Electrical). In contrast, the rate of aligned cells along the direction of the mechanical force was 100% (Mechanical).
force were positively counted. Spindle-shaped cells that were inclined below 30 ∘ toward the applied electrical field or added mechanical force were not counted. Cells with spherical shapes or multiple axes were not included in the cell count. We counted 10 randomly chosen areas viewed at low magnification and compared the two groups. Statistical analysis was performed using Student's test.
2.4.
Immunocytochemistry. The rest of the gels were also air-dried on a cover slip and used for immunocytochemical study. The cover slips were immunostained using rabbit antibodies against MyoD and myogenin to observe the status of muscle differentiation.
Results
When mechanical stress was applied to the collagen gel rings, all cells were aligned in the same direction as the mechanical force (Figures 3 and 4) . When viewed microscopically, C2C12 cells were observed to be stretched parallel to the mechanical force. In contrast, when a 10 V/cm DC electrical load was applied for 24 hours, many cells formed spindle shapes and their bipolar axes tended to be perpendicular to the applied electrical field (Figures 3 and 4) . The ratio of alignment was 58 ± 14%.
The expression of MyoD, a myoblast cell marker, was observed in the nucleus in almost all cells. Some cells were positively stained with myogenin, a differentiated skeletal muscle cell marker, but the positive cells were rare and there was no difference between three groups ( Figure 5 ).
Discussion
In order to build skeletal muscle structure for the purpose of tissue engineering, it is important to culture cells three-dimensionally. During in vivo skeletal muscle development many factors are reported to direct the alignment of skeletal muscle cells [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among them, mechanical stress-like tension or movement of the fetus and electrical load have been reported to exert an influence on cell alignment in vivo. Consistent with this, some studies have successfully aligned skeletal muscle cells in collagen gel using mechanical stress [1, 2, 10] . In our study, the addition of mechanical stress resulted in almost all cells aligning in a uniform direction with minimum loss of cell viability.
In monolayer culture, various studies on the relationship between alignment and electrical load have been reported [3] [4] [5] [6] [7] [8] 10 ]. Hinkle and colleagues showed that initially spherical myoblasts formed bipolar axes at right angles to an applied electrical field [3] . Moreover, concanavalin A receptors in International Journal of Tissue Engineering 5 the membrane of cultured embryonic muscle cells were shown to incline in an electrical field [10] . It is hypothesized that the difference in electrophoretic redistribution of ion channels within cell membranes influences the orientation of myoblasts. However, skeletal muscle cell alignment in collagen gel had yet to be reported.
In the present study, when an electrical load was applied, skeletal muscle cells tended to align perpendicular to the electrical current. However, some cells appeared to lose viability and long term culturing with the aim of constructing muscle fibers oriented in the same direction proved to be difficult.
In conclusion, in order to achieve in vitro skeletal muscle cell tissue engineering, mechanical force is an effective means of cell alignment. While electrical load can also align skeletal muscle cells to some degree, the power of alignment is not sufficient. However, for tissue engineering of skeletal muscle cells, electrical stimulation may be used as a supplementary approach.
